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We study geometrical responses of magnons driven by a temperature gradient in frustrated spin systems.
While Dzyaloshinskii-Moriya (DM) interactions are usually incorporated to obtain geometrically nontrivial
magnon bands, here we investigate thermal Hall responses of magnons that do not rely on the DM interactions.
Specifically, we focus on frustrated spin systems with sublattice degrees of freedom and show that a nonzero
Berry curvature requires breaking of an effective PT symmetry. According to this symmetry consideration, we
study the J;-J,-J; Heisenberg models on a honeycomb lattice as a representative example and demonstrate that
magnons in the spiral phase support the thermal Hall effect once we introduce a magnetic field and asymmetry
between the two sublattices. We also show that driving the magnons by a temperature gradient induces spin
current generation (i.e., magnon spin Nernst effect) in the J,-J,-J; Heisenberg models.
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I. INTRODUCTION

A magnon is an elementary excitation of spin waves in
magnetic materials. Magnon transport is attracting growing
interest in both fundamental and technological aspects [1]. For
example, magnons can transfer spins without Joule heating
and are expected to play an essential role in spintronics as a
platform for low energy consumption devices. In particular,
antiferromagnetic spintronics is attracting a keen attention
because antiferromagnets have no leakage magnetic field in
contrast to conventional ferromagnets [2,3].

Since magnons are charge neutral quasiparticles, they can-
not be directly driven by electric fields, unlike electrons.
Instead, a temperature gradient can induce a magnon flow,
which leads to various thermal responses in magnets, includ-
ing the spin Seebeck effect [4], the magnon spin Nernst effect
[5-7], and the thermal Hall effect [8,9]. The thermal Hall
effect and the magnon spin Nernst effect are of particular
interest because they are related to a nontrivial geometry of
the magnon bands through the Berry curvature [5,6,10-13].

Most previous studies on such geometrical thermal re-
sponses of magnons rely on Dzyaloshinskii-Moriya (DM)
interactions to obtain geometrically nontrivial magnon bands
with nonzero Berry curvature. For example, the thermal Hall
effect has been studied in an antiferromagnetic Heisenberg
model with DM interactions on a kagome lattice [14—18] and
a honeycomb lattice [19]. Similarly, the magnon spin Nernst
effect has been studied in a Heisenberg model with a DM
interaction [5,6,13].

The DM interaction introduces a nontrivial geometry to
magnon bands in two fashions. First, the DM interaction acts
as a virtual magnetic field for magnons, leading to nonzero
Berry curvature [8,20]. In this case, there exists a condition
for the lattice geometry to support nonzero Berry curvature
because edge-shared lattices results in cancellation of such
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virtual magnetic field between the neighboring plaquettes. For
example, a kagome lattice supports a thermal Hall response
with this mechanism. Second, the DM interaction can also
introduce an effective non-Abelian gauge field for magnons
with multiple internal degrees of freedom. In particular, when
we consider a bipartite lattice with AB sublattices, the DM
interaction can behave as an SU(2) gauge field for the sublat-
tice degree of freedom. This mechanism is advantageous over
the first one in that the lattice geometry is not restricted [21].
In both cases, however, the DM interaction is usually small
except for a few limited systems because the DM interaction
originates from the spin-orbit interaction [22,23]. Therefore,
geometrically nontrivial magnon bands that do not rely on the
presence of the DM interaction are desired for an enhance-
ment of thermal Hall responses in magnetic systems.

Such geometrical responses of magnons without DM inter-
actions were reported in a few studies. Scalar spin chirality is
shown to support the thermal Hall effect for the honeycomb
lattice by assuming a particular ground state spin configu-
ration [24], for the kagome lattice by incorporating a third
neighbor coupling [25,26], and for the trimerized triangular
lattice [27]. The scalar spin chirality has been also shown to
support the spinon thermal Hall conductivity of chiral spin
liquid in the honeycomb lattice [28]. Another previous study
reports that some organic materials [29—31] support geomet-
rical magnon responses driven by temperature gradient due to
special properties of dimers. Despite these previous studies, a
guiding principle for realizing geometrical thermal responses
of magnons without the DM interaction is still missing. In par-
ticular, the possibility of nontrivial magnon bands originating
from an SU(2) gauge field without DM interaction has not
been fully explored.

In this paper, we study geometrical thermal responses of
magnons that do not rely on the DM interaction. Specifically,
we focus on the antiferromagnetic Heisenberg model with AB

©2022 American Physical Society
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sublattices. As the sublattice degrees of freedom enables to
introduce the SU(2) gauge field to the magnons, this model is
a suitable playground for pursuing the role of the non-Abelian
gauge field on the geometrically nontrivial magnon bands.
We first derive a general condition for generating nonzero
Berry curvature without the DM interaction. We find that an
effective PT symmetry should be broken for obtaining geo-
metrically nontrivial bands, and a noncollinear spin structure
is necessary to break this PT-symmetry. From this viewpoint,
frustrated spin systems are suitable for pursuing noncollinear
spin configurations [32-34]. Thus we consider geometrical
thermal responses in a frustrated honeycomb spin systems
as a simple example. Specifically, we study the J;-J>-J;
Heisenberg model on the honeycomb lattice. The frustration
naturally leads to the spiral order in the ground state and
support the nonzero Berry curvature. Furthermore, we also
consider spin transport enabled by nontrivial magnon bands,
i.e., the magnon spin Nernst effect. In the noncollinear system,
the magnon spin Nernst effect is governed by a quantity that is
closely related to the Berry curvature [35,36]. We demonstrate
that the frustrated honeycomb Heisenberg model also supports
the magnon spin Nernst effect without DM interaction.

The rest of this paper is organized as follows. In Sec. II,
we study magnon excitations using the Holstein-Primakoff
transformation for the spiral phase with AB sublattices and
derive the symmetry condition that the Berry curvature and the
thermal Hall conductivity appear. In Sec. III, we consider the
Ji-J»-J; model on the honeycomb lattice and study the thermal
Hall conductivity. In Sec. IV, we study the spin Nernst effect
of J;-J>-J; model. In Sec. V, we present a brief discussion.

II. MAGNON HAMILTONIAN IN SPIRAL PHASE

In this section, we consider the condition for the nonzero
Berry curvature and the thermal Hall conductivity in the AB
sublattice systems. First, to calculate the thermal Hall effect,
we review the magnon expansion in AB sublattice systems.
Then we introduce the formulation of the thermal Hall effect
of magnons. After these preparations, we derive a general
condition for generating nonzero thermal Hall effect.

A. Magnon Hamiltonian of AB sublattices

We study the magnon Hamiltonian of the system with AB
sublattices. To obtain the magnon Hamiltonian, we perform
the Holstein-Primakoff transformation for the spin S systems
(371,

St~ \/28a;, 8" ~ /2S84, SF =S —ala; forieA
St~ /28b;, S|~ ~ \/25b], S =S — bib; fori e B,
ey

where @/ and b are bosonic creation operators, §' is a spin
operator along the spin configuration of the ground state, and
S/= =S¥ 4iS?. For a system in which the ground state is
not ferromagnetic, the magnon Hamiltonian contains oz;r of
and o;a; terms with «; being a; or b;. Thus, after the Fourier
transformation, we obtain the magnon Hamiltonian as a4 x 4

matrix:

_ ! t
H=> Xk: Ui (k) H (k)W (k). )

This type of Hamiltonian is called the Bogoliubov—de Gennes
(BdG) Hamiltonian [38]. Here, W(k) and H (k) are

W(k) = (atk), bk), a’(=k), b’ (=k))", A3)
Ek) k)

Hk) = , 4

®© (n*(—k) E*(—k)) @

where E(k) and TT(k) are 2 x 2 matrices that satisty Ef(k) =
B(k), T17(k) = I1*(—k). Using Pauli matrices, we can write
E(k) and I(k) as

E(k) = E"(k)oy + E*(k)o, + B (k)o, + E*(k)o,,  (5)
(k) = I°(k)oy + [T (k)o, + TP (k)o, + [FE(k)a;,  (6)

with 2 e R and IT' € C (i = 0, x, y, z). The BdG Hamilto-
nian should be diagonalized using a paraunitary matrix 7 (k),
which satisfies

T (k)osT (k) = o3,

1 0 0 0
I R R -
=10 0 -1 o)

0o 0 0 -1

so as to retain the canonical commutation relation for the
transformed magnon operator T~ '(k)W(k). The eigenvalues
have the following form due to the inherent particle-hole
symmetry as:

TT(k)H (k)T (k) = E (k)

= diag(E; (k), Ex(k), E1(=k), Ex(—k)).
®)

Applying T (k)o; to Eq. (8), we obtain
osH(k)T (k) = T (k)osE (k), ©)

namely, we can obtain 7 (k) as eigenvectors of o3H. If we
write the paraunitary matrix 7 (k) as

T (k)= (@t 1(k), tr(k), t3(k), t4(k)), (10)

we can write Eq. (9) in the form of an eigenvalue problem for
o3H as

o3H ()t (k) = (03E (k))unt n (k). (11)

B. Thermal Hall effect and Berry curvature

We calculate the thermal Hall conductivity by using the
linear response theory. The temperature gradient is written
as T(r) = To(1 — x(r)), where Ty is a constant temperature
and yx is a small parameter with a zero average. We write the
thermal Hall current J E as

0 1
I =Lu(TVu = Vox ).

and the thermal Hall conductivity «,,, as

Ly
o

Ky =
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From a continuity equation, we can calculate the thermal
current, and using the Kubo formula, we can write the thermal
Hall conductivity «, as [12]

K:T dk?
Ky = — e Z / _Q(k)n,;l_v

h o ez Q)
72
X |:C2(p(En(k))) - ?} (12)
with
x 2
cz(x):/ dt<1n ﬂ)
0 t

2
=(1 +x)<ln lxﬂ> — (Inx)* — 2Liy(—x),

and Li,(x) is polylogarithm function. Q(k),, ,, is the Berry
curvature of the nth magnon band,

9T (k)
ok,

aT (k)

which measures a nontrivial band geometry.

o3

Qv (k) = —2Im |:a3

C. Effective PT and T symmetries

Symmetry plays an important role in the emergence of
nontrivial magnon bands with Berry curvature. In particular,
we find that the Berry curvature of magnon bands vanishes
under an effective PT symmetry in a similar manner to the
Berry curvature in electronic systems. In this subsection, we
derive a symmetry condition for the nonzero Berry curvature
and thermal Hall conductivity.

Let us suppose that the system has a symmetry given by

P'H*(k)P = H(k), (14)
with a paraunitary matrix P satisfying Po3P = o3. By utiliz-
ing Eq. (14), we can rewrite Eq. (9) as

o3H(K)P*T*(k) = P*T*(k)o3sE (k), (15)

which implies that P*T* (k) satisfies the same Eq. (9) for T (k).
Thus, if there is no degeneracy, T (k) should satisfy

T (k) = P*T*(k)M, (16)

where (My);; = 8, explif; ] comes from the fact that we can
choose the overall phases of the eigenvectors arbitrarily.

We investigate how this symmetry operation affects the
Berry curvature. Considering the condition Eq. (16), the Berry
curvature Eq. (13) can be written as

AT (k) oT(k
Qn ;w(k) = —2Im 03 ( )0’3 ( )
’ ok, ok, |

M T™(k AT* (k)M

— —2Im a3k—()p*Tg3p*¢

ok,, ok, |
AT (k) T (k)

= 2Im o3 03
ok, ok, |,

= _Qn,uv(k)~ (]7)

Therefore, the Berry curvature becomes zero under the sym-
metry Eq. (14).

Even if the Berry curvature takes nonzero value, the ther-
mal Hall conductivity can vanish in some cases when the
integral in Eq. (12) has a cancellation. Especially, when the
Hamiltonian satisfies the effective time-reversal symmetry
(effective TRS),

PTH* (k)P = H(—k), (18)

with a paraunitary matrix P, the paraunitary matrix T (k)
obeys the condition T (k) = P*T*(—k)M; and the Berry cur-
vature €2, ., (k) satisfies the relation €2, ., (k) = —Q, «y(—k)
[17]. The effective TRS also imposes E, (k) = E,(—k) and
e (p(E,(k))) = c2(p(E,(—k))). From these, the integrand of
Eq. (12) is odd in k, and thus the thermal Hall conductivity
Kqp vanishes.

D. Spiral phase

To obtain nonzero thermal Hall conductivity, we need to
break the effective PT and T symmetries. Here we consider
AB-sublattice systems in the spiral phase and discuss the
general condition for breaking the symmetries and specific
examples of symmetry-breaking interactions. To this end, we
consider the spin Hamiltonian

H =H; + Hp + Hy,. (19)
Here, the first term
Hy =" J.p(r)S; - S, (20)
i#]

denotes the Heisenberg interaction between spins S; and S
with the coupling J,4(r), where a, B = A, B represent the
sublattice to which i and j sites belong, respectively, and r
represents the distance between i and j sites. The second term
H, is the easy-axis anisotropy part:

Ha =Y Au(S9), @1
=Ax Y (S5 + A Y (59 (22)
ieA ieB

The last term Hj, is a Zeeman coupling term:

H, = h Z S7. (23)

We assume that the spin configuration of classical ground
state is given by

Si = S(cos i cos (@ - Ri+¢i), cos ¥; sin (Q - Ri+¢;), sin ¥;),
(24)
where {; € [—m /2, /2] describes the canting angle from the
xy plane and Q represents a pitch of the spiral. The canting
angle y; is ¥4 () if i is in the A (B) sublattice. Similarly, we
assume that ¢; = ¢, for i € o with « = A, B. The position R;
denotes the center of the unit cell which contains site i.
Because the spin Hamiltonian is symmetric with respect to
the rotation of spin around the z axis, hereafter we set ¢4 = 0,
¢p = ¢ without loss of generality, with which ¢ describes an
in-plane angle between two spins in the same unit cell. This
ansatz generally describes noncollinear spin configurations
with single Q.

035113-3
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For the present canted spins, a new spin coordinate S’ along the ground-state spin configuration can be written as [24,39]

Si =RY(Q-R; + ¢p)R (/2 — ¥;)S;

sinyy;cos(Q-R;+¢;) —sin(Q-R;+¢;)) cosycos(Q-R;i+ @)\ (S
= | siny;sin(Q-Ri+¢;) cos(Q-Ri+¢;) cosysin(@-Ri+¢) ||S]. (25)
—cos Y sin ¥ SE

where R¥(0) denotes a spin rotation operator with respect to
the k axis by 6. Further rewriting S’ with the magnon op-
erators using Holstein-Primakoff transformation Eq. (1) and
substituting it to the spin Hamiltonian Eq. (19), we obtain the
4 x 4 BdG Hamiltonian Eq. (4) for the present system. For the
detailed form of E(k) and I1(k), see Appendix.

Let us discuss the presence/absence of the effective PT
symmetry for the present case. Here, for simplicity, we as-
sume a lattice structure where the A and B sublattices are
interchanged upon spatial inversion (e.g., honeycomb lattice).
First, we note that the physical 7 and PT symmetries are
explicitly broken due to the Zeeman field term H),. However,
this term is invariant under the combination of 7" or PT oper-
ation with  rotation of spin around the y axis. On the other
hand, the ground-state spin configuration typically has a lower
symmetry than the Hamiltonian, and indeed the spiral spin
order is not invariant under the above symmetry operation. We
here consider a symmetry operation X, which is obtained by
further combining ¢4 + ¢p rotation of spin around the z axis
(to the PT operation and 7 rotation around the y axis). The
spin configuration is transformed under X as

S(cosyicos (Q - R; + ¢;), cosy; sin (Q - R; + ¢;), sin ;)
— S(cosy_;cos (Q - R; + ¢;),
cosY_;sin (Q - R; + ¢;), sinyr_;),

where —i € B(A) if i € A(B). This implies that the ground
state does not change under X when ¥4 = ¥, and the
magnon Hamiltonian should have a corresponding symmetry
if the spin Hamiltonian is also symmetric with respect to X .

Now, let us consider how this symmetry operation X acts
on the magnon Hamiltonian. To this end, first we consider the
transformation for the spin operator:

Si — XS; = R (m)R*(—¢a — ¢p)(—S_))
= —R'(1)R*(—Q -R; — p))R” (/2 — ¥_)S_,.

On the other hand, the transformed spin operator can also
be expressed using the spin coordinate along the transformed
ground state X S as

XS;=RY(Q Ri + ¢)R (/2 — ¥1)(XS)).

In other words, when v; = ¥_;, S; is transformed as

1 0 0
xs,=[o0 -1 o]s,
0 0 1

under X. Considering the fact that only the y component
S” = i/S/2(e] — @;) has the imaginary coefficient to the

L
magnon operators and that the sublattices are interchanged

(

upon spatial inversion, we can express the symmetry operation
X for the magnon Hamiltonian as H (k) — PTH*(k)P with

01 0 0
1 0 0 0

P=1o0 0 o 1 (26)
00 1 0

For the magnon Hamiltonian Egs. (5) and (6), Eq. (14) is
satisfied if

M’ e R. 27)

[l

Z:HZZO

Let us discuss when the above condition can be broken,
based on the detailed form of the magnon Hamiltonian given
in the Appendix. For the Heisenberg interaction H;, &% and
IT¢ are nonzero when J44 # Jpp [Eqs. (A3d) and (A3h)]. Fur-
thermore, when ¥4 # ¥, ImIT* and ImI1” are also nonzero
[Egs. (A3f) and (A3g)]. For the anisotropy part Ha, I1¢ is
nonzero when Ay # Ap [Eq. (A4d)]. Thus, when A sites and
B sites are inequivalent, the Berry curvature can be nonzero.

Furthermore, we consider the presence/absence of the ef-
fective TRS Eq. (18), since breaking the effective TRS is
necessary for nonzero thermal Hall conductivity. In particular,
we focus on the simplest case of P = I (I: an identity matrix)
in the following. We need i cos k or sin k terms to break the ef-
fective TRS Eq. (18), and these terms of the BAG Hamiltonian
for the spiral phase depend on sin (Q - R + ¢) or sin (Q - R).
Thus, effective TRS is broken when the spin configuration
satisfy sin(@ - R+ ¢) # 0 or sin(Q - R) # 0. These condi-
tions necessitate Q@ - R # 0, 7 or ¢ # 0, w. Hence, we need
spiral configuration or nontrivial in-plane canting angle ¢ for
nonzero thermal Hall conductivity besides the nonzero Berry
curvature.

E. SU(2) gauge fields in magnon bands

In previous studies on thermal Hall responses of mag-
netic systems [14—-19], the DM interaction is incorporated to
generate nonzero Berry curvature of magnon bands. In this
subsection, we comment on the role of the DM interaction in
view of the symmetry condition [Eq. (14)] and the effective
SU(2) gauge field. Specifically, we show that the presence
of the DM interaction can break the symmetry Eq. (14), and
discuss how the similar SU(2) gauge field is obtained without
the DM interaction in the spiral phase with the sublattice
inequivalence.

First, we consider the out-of-plane DM interaction

Hom =Y Dap(Si x ). (28)

iJ
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For this DM interaction, when D4 # Dpp, we can obtain
nonzero &% even if ¢4 = ¥ (see Appendix). Thus, DM in-
teraction can break the symmetry Eq. (14) and generate the
nonzero Berry curvature [19]. In addition, E° can be nonzero
even if the spin configuration is the collinear and v; is £ /2.
In this case, the DM interaction can be taken into the Heisen-
berg coupling with a phase factor y = arctan (D/J),

JSi -8+ DS; x 8; = Jeir(e*SFST +e7STST),  (29)

where Jor is an effective Heisenberg coupling Jer =
~/J? + D?. Thus, the DM interaction adds the phase factor
x to the hopping and acts as the virtual magnetic field and
induce the nonzero E°.

On the other hand, in-plane DM interaction can also induce
anonzero Berry curvature with a different mechanism. The in-
plane DM interaction can induce SU(2) gauge field in canted
spin systems, which is a non-Abelian gauge field with respect
to the sublattice degrees of freedom in the magnon repre-
sentation [21]. Now, we show that we can induce the SU(2)
gauge field even without the DM interaction in a system with
Y4 # Y. For simplicity, we consider the antiferromagnetic
Heisenberg chain with nearest-neighbor coupling:

H=7 (JSi-Sis1+J'S;-Si).
icA
Here we assume the spiral spin configuration given by

Eq. (24). Again, we can set ¢4 = 0 without loss of generality,
and we obtain

S; = S(cosYrpcos(Q - R;), cos s sin (Q - R;), sin ),
(30)

Sit1 =S(cosypcos(Q - R; + ¢),
x cos Ypsin(Q - R; + ¢), sin yp) (31)

fori € A.
The spin Hamiltonian in the S” coordinate can be obtained
with Eq. (25) as follows:

H ="y "[IxSISi, +JySPSh, +J2SESE
i€eA

+ Do(S7SE — S7SHL) + Di(S7SE + 7S )
IS ST A Ty ST ST TS SE

DS, 87 - S7,81) + DS + 7,57

i—1%i

where
Jx = J(sin 4 sin Y5 cos ¢ + cos Y4 cos ¥p),
Jy =Jcoso,

Jz = J(cos Yra cos Y cOSs ¢ + sin Y4 sin Yrg),
Dy=—J sin Yy —;— sin ¥p sin ¢,
D, = Jw sin ¢,

Jy = J'(sin Y4 sin g cos (¢ — Q - R) + cos Y4 cos Yp),
Jy =J'cos(p —Q-R),

J, = J'(cos Yra cos g cos (¢ — Q - R) + sin ¥4 sin /),

sin Y4 —;— sin Vg sin(p—0-R).

sinyrp —sinyy .
—s

5 in(¢—Q-R),

Dy =1
D =T

with R = R;1 — R;. In these terms, D; and D) are nonzero
only when the spin configuration satisfies ¥4 # ¥p, which
implies that these are the candidates for the (effective) PT
breaking term. Using the HP transformation Eq. (1), we can
write the Dy and D] terms in terms of the magnon operators
as

i / F
Z E[DI (a;bj+1 — aibiy1) + D@ b | — aibi_1)]

icA

1 ¥ a; ;g a;
=Z—§ Di(a;, bit1)oy b,TH +D(a;, bi_1)oy 5 )]

icA

Then, after the Fourier transformation, we obtain

D, + D’ ay
Z [_Tl cos k(az, b_i)oy (bTI)

k
D, - D .
i T ikl b ()] 32
4 b,

Here, the second term contains io, and this is the origin of the
nonzero ImIT, for the BAG Hamiltonian. This term is the same

form as a Rashba spin-orbit term, since we can see (al, b_y)as
a pseudospinor operator [21]. This Rashba-like term contains
D, — Dj, supporting nonzero SU(2) gauge field when D; #
Dj. The condition D; # D) is satisfied when Q - R # 0, 7 or
J #J and ¢ # 0, w. Hence, we need spiral configuration or
nonzero canting angle ¢ and asymmetric bonds other than the
condition ¥4 # Y for the SU(2) gauge field.

In previous studies, the thermal Hall effect without DM
interactions is reported in a kagome lattice system [25,26],
a trimerized triangular lattice [27], and a honeycomb lattice
system with ImIT = 0 [24]. From the viewpoint of the above
discussion, the nonzero Berry curvature in these previous
studies is derived from the phase factor of hoppings as in the
case of the out-of-plane DM interaction. In contrast, the SU(2)
gauge field also induces nonzero Berry curvature as we have
clarified above and demonstrate for the J;-J,-J; models in the
following.

III. MAGNON HAMILTONIAN IN J;-J,-J; MODEL

Now we demonstrate the thermal Hall effect without DM
interaction. As we have clarified in the above section, we need
inequivalent AB sublattices, and Q - R # 0, w or ¢ # 0, & for
the thermal Hall effect. J;-J>-J; model on the honeycomb
lattice is a simple example that satisfies above conditions.
In this model, the next-nearest-neighbor coupling J, and J;
induce frustration, which leads to a spiral order with Q # 0
on the ground-state spin configuration. To make the A and B
sublattices inequivalent, we introduce the inequivalent next-
nearest-neighbor coupling J, # J; or inequivalent anisotropy
Ay # Ap.

035113-5
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(b)

FIG. 1. (a) The J,-J,-J; model on the honeycomb lattice. (b) Vec-
tors a; and a, of the honeycomb lattice. (c) Vectors a; and a, of
bilayer triangle lattices. The red lines and blue lines each represent
the top and bottom layers’ triangle lattices. (d) The reciprocal space
of the Ji-J,-J; model on the honeycomb lattice. (e), (f) are the
spin configuration of model II with J; = 1.0, J, =2.0, J; =24,
Ay = Ap =0.05. (e) h =0 and the canting angle ¥4, = ¥ = 0.
(f) h = 8 and the canting angle ¥4 # V3.

A. Spin Hamiltonian

We consider the Heisenberg model on the honeycomb lat-
tice depicted in Fig. 1(a). While the honeycomb lattice has
AB sublattices, we assume that these sublattices are inequiva-
lent (e.g., composed of two different atoms), so the coupling
constants may take different values for A and B sublattices,
namely, here we consider the J; -J2-J2’ Heisenberg model,
whose Hamiltonian is given by

H =H; + Hp + Hy, (33)
with
Hy=5L)Y 8-S;+h Y S8,
(i J) ((i,j))eA
+7 Y S-S, (34)
((i,j))eB
2 2
Hy=Ax) (S5 +a5) (55)". (35)
icA ieB
and
H, = —hZSf. (36)

Here the index i runs over all sites, and Z(i j and > W
mean the sum over the nearest neighbor and next-nearest

neighbor of the honeycomb lattice, respectively. The operator
S; is a spin at site i, and A and B are sublattices of honey-
comb lattice. Figure 1(b) shows the primitive lattice vectors
a; = (v/3a,0) and a» = (—/3a/2, —3a/4) with the lattice
constant a (Hereafter, we set a = 1 for simplicity), namely,
A sites are located at r = ma; + na,, while B sites are located
at r = ma; + nay + (0, a). Figure 1(d) shows the reciprocal
space of the J;-J,-J;, model on the honeycomb lattice.

We note that this model can also be regarded as a bilayer
triangular lattice system by considering A (B) sites as the top
(bottom) layer [see Fig. 1(c)]. In this case, Z(z',j) and Z((i,j))
indicate sums over nearest-neighbor interlayer and intralayer
couplings, respectively. In particular, we emphasize that it is
not necessarily unrealistic to consider a situation where J, and
J;, are much larger than J;.

In the case of # =0 and J, =Jj, the classical limit of
this model is studied. If J,/J; > 1/6, the ground-state spin
configuration is given as [40—44]

S; =S(cos(Q-R;),sin(Q-R;),0) forieA, (37)
Si=S(cos(Q R, +¢),sin(Q-R; + ¢),0) forieB.
(33)

In the spiral phase, we can minimize the classical energy by

taking
2 (Jl —212) )
=[—cos —1,0,0], (39)
0 <\/§a 4J,

¢=r. (40)

We note here that there are two other ground states rotated by
:I:%’r in the honeycomb plane.

In the case of & # 0 and J, # J;, we assume that classical
ground states can be written as Eq. (24). Even for J, # J;, we
assume ¢4 = 0 and ¢p = 7, which is the known result for the
J, = Jj case [42], namely, we write the classical ground states
as

S; = S(cos Y4 cos (@ - Ry),
cos s sin (Q - R;),siny,) forieA, 41

S; = S(—cosypcos (Q - R)),
—cosypsin(Q - R;),sinyp) forie B. (42)

Here, 14 and 15 are canting angles from the xy plane, and we
estimate Q, V4, and ¥ by minimizing the classical energy

E =NS?*[—J; cos Ya cos Yg(1 + cos (Q1 + Q) + cos 02)
+ (J2cos® Ya + J5 cos” Prp)
x (cos Q1 + cos O + cos (Q1 + 02))
+ 3J) sin ¥4 sin Y + 3(J> sin® ¥4 + J; sin® Yg)
+ Ay sin® Yiq + Agsin® yrg]
— NS(hsin s + hsinp), (43)

where N is the site number of A and B sites, and Q) = ~/3aQ,.,
0, = —\/§a/2Qx — 3a/40,. For the case of h = 0, due to the
(easy-plane) magnetic anisotropy, the canting angles 14 and
Yp are zero. Figure 1(e) shows the spin configuration of this
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FIG. 2. The energy band and the Berry curvature €2, of the model I with J; = 1.0, J, = 2.0, J; = 2.4, Ay = Ap = 0.05. (a)—(d) The
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() h = 2,8, (g) h = 10J,S, and (h) h = 18J,S.

case. When & > 0, on the other hand, spins are canted from
the xy plane as shown in Fig. 1(f).

B. Magnon band, Berry curvature, and Chern number

We apply Holstein-Primakoff transformation for the spin
Hamiltonian Eq. (33) and obtain the magnon Hamiltonian (for
details, see Appendix). In this model, there are two types
of inequivalence introduced by (I) inequivalent Heisenberg
coupling for two triangular lattices (J> # J5) and (II) inequiv-
alent anisotropy for two triangular lattices (A4 # Ap). Thus
we name model I J, # J;, Ay = Ap and model 1l J, = J;,
A4 # Ap. In the following, we first discuss the results for
model I with J, # J3, and then proceed to the results for model
1T with A4 # Ap.

In Fig. 2, we show the energy band and the Berry curvature
of model I, which has inequivalent Heisenberg coupling for
two triangular lattices (J, # J;). Here, the energy band is
plotted along the paths shown in Fig. 1(d).

Figures 2(a) and 2(e) show the energy band and the Berry
curvature in the absence of the external magnetic field, & =
0. From Fig. 2(a), we can see that the small gaps around K
and K’ are energetically equivalent to each other. In this case,
band gaps open, and the Berry curvature is nonzero as shown
in Fig. 2(e), although the thermal Hall conductivity vanishes
because the magnon Hamiltonian satisfies the effective TRS
H*(k) = H(=k).

We show the energy band of model I (J, # J;) with
magnetic field 7 =2J;S, h=10J;S, and h = 18/;S in
Figs. 2(b)-2(d), respectively. If we turn on the magnetic field
h # 0, the two small gaps around K and K’ points become
energetically inequivalent, since the effective TRS is now
broken [H (k) # H*(—k)]. Figures 2(b)-2(d) show that the
energy around K’ decreases when h # 0 and energy around
K increases. These changes in the band structure produce
changes in the Berry curvature.

Figures 2(f)-2(h) show the Berry curvature with & = 2J; S,
h = 10J;S, and h = 18J;S. In the & = 2J,S case, the Berry
curvature satisfies €2, v, (k) > —, ,y,(—k) similarly to the
h =0 case, as one can see from Fig. 2(f). As shown in
Figs. 2(c) and 2(d), as the magnetic field increases, the gap
around K becomes larger and, accordingly, the Berry curva-
ture around K becomes smaller as shown in Figs. 2(g) and
2(h).

From magnetic-field dependence of Berry curvatures, we
can predict that the Chern number is zero when the magnetic
field is small, while the nonzero Chern number is realized for
larger h. We show the magnetic-field dependence of the Chern
number and the thermal Hall conductivity in Fig. 3(a). From
the upper figure of Fig. 3(a), we see that the Chern number is
nonzero when the magnetic field 4 is large. The lower panel of
Fig. 3(a) shows the color plot of the thermal Hall conductivity,
while Fig. 3(b) shows the thermal Hall conductivity at several
temperatures. While the thermal Hall conductivity is related
to the Berry curvature via Eq. (12), unlike the Hall effect of
electron systems, the thermal Hall effect of magnons is not
quantized because the function c,(p(E) in Eq. (12) is not the
function like a step function. Nonetheless, the thermal Hall
conductivity shows a behavior related to that of the Chern
number. To see this, first we remark that the Berry curvature
of the upper band Q2,4 and the lower band €2, .4 satisfies
Qi ap ~ —22,48, and that —(c2(p(E)) — ”72) in Eq. (12) is a
monotonously increasing function. These imply that the sign
of the thermal Hall conductivity corresponds to the sign of
the Chern number of the upper band. Especially, Figs. 3(a)
and 3(b) show that the sign of the thermal Hall conductivity
changes reflecting the sign change of the Chern number.

The thermal Hall effect also appears in model II, which has
inequivalent anisotropy for two triangular lattices (A4 # Ap)
in a similar way to model I (J, # J;) with some changes
in details. We show the energy band of h =0, h = 8/},
h =12J,S, and h = 20J;S in Figs. 4(a)-4(d), and the Berry
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FIG. 3. The Chern number v and the thermal Hall conductivity
Ky of the model I with J; = 1.0, , =2.0, J; =24, Ay = Ag =
0.05. Here, we calculate «,, with § = % (a) The magnetic field
dependence of v for each magnon band and the color plot of k.
vy is the Chern number of the upper band and v, is the Chern number
of the lower band. The lower panel is the color plot of «,,. The sign
of k., almost coincides with the sign of v;. In particular, «,, becomes
zero and shows a sign change around /& ~ 13J, S, where the sign of v,
changes. (b) ,, plotted as a function of the magnetic field for several
temperatures.

curvature of h =0, h =8J;S, h =12J;S, and h =20J,S
in Figs. 4(e)-4(h). When the magnetic field is zero, the
Hamiltonian satisfies the effective TRS. Thus, the Berry cur-
vature §2,, (k) satisfies 2, x, (k) = —2,, ,,(—k) as shown in
Figs. 4(e), and the thermal Hall conductivity is zero, as in
model I (J> # J;). Figures 4(b)-4(d) show that the energy
around K’ decreases when & # 0 while energy around K in-
creases, which is the same as model I (J, # J;). We show the
magnetic-field dependence of the Chern number and the color
plot of thermal Hall conductivity in Fig. 5(a). Figure 5(b)
shows the thermal Hall conductivity in some temperatures.
The sign of the thermal Hall conductivity changes near the
magnetic fields 7 ~ 9 and h ~ 18. They are not directly as-
sociated with the behavior of the Chern number as the Chern
number does not show a sign change in model II (A} # A»),
contrasting to the case of model I (J, # J;), where the sign
change of x and v takes place at almost the same &. Specif-
ically, around i ~ 9, we can see in Figs. 4(f) and 4(g) that
positive contributions of the Berry curvature appear around

the K’ point as increasing /, which cause a sign change of the
thermal Hall conductivity. Around & ~ 18, the sign change
of the thermal Hall conductivity reflects the Berry curvature
around the I" point where the energy gap becomes small. Since
the sign changes of the thermal Hall conductivity around
h ~ 9and h ~ 18 are not accompanied by a sign change of the
Chern number, the magnetic field & where x changes its sign
shows a large temperature dependence, as opposed to those
associated with the sign change of the Chern number in model
I (J, # J;). Instead, the Chern number change at & ~ 19 gives
rise to an abrupt jump of the thermal Hall conductivity at all
temperatures as seen in Fig. 5(b).

We note that our assumption for the ground state spin con-
figuration Eq. (24) becomes not so good in the large magnetic
field region. While Figs. 3(b) and 5(b) show that the thermal
Hall conductivity changes dramatically about 2 = 21J;§, this
region may be out of validity of our ansatz Eq. (24) because
Ya =m/2 and Y < 7 /2 in this region. Specifically, when
Ya = /2 and Y < /2, the classical energy is independent
of the angle Q - R; of the A-site spins and the in-plane angle
of the A-site spins becomes arbitrary.

IV. SPIN NERNST EFFECT

In this section, we study spin current response induced by
thermal gradient in frustrated honeycomb magnets. In partic-
ular, we consider a transverse response called the spin Nernst
effect.

Because the spin Hamiltonian described as Eq. (33) com-
mutes with S¢, we can define spin current. However, a problem
arises when we approximate spin Hamiltonian as a bilinear
form of creation and annihilation operators of the magnon,
especially when we consider noncollinear systems. Specifi-
cally the magnon Hamiltonian itself does not commute with
spin operator S*. In noncollinear systems, the spin operator
S% is written by the §" as Eq. (25), and S¢ is not a bilinear
form of magnon operators unlike collinear systems. Thus,
in the noncollinear systems, the commutation of S° and the
magnon Hamiltonian changes the order of creation and an-
nihilation operators of magnons. To overcome this issue, we
use a formulation of current associated with a general operator
before considering the spin operator. Specifically, we write the
general operator on the magnon space as

o@r) = 1W ) ov@).

Here, W is defined as Eq. (3) and O is the 4 x 4 matrix. Thus,
we can write the time differential of O(r) as the current j, part
and source S, part [5,35],

a0(r)
ot

where  j, = 1(003v + v030), S, = —(0o3H (k) —
H(k)o30), and v = i[H(k),r]. In the case of collinear
antiferromagnets, S°o3 = 1 and S, disappears, and j, clearly
describes the spin current. In our model, S, # 0 because
we consider noncollinear systems, but we still adopt J, as a
definition of the spin current, following the discussions in
Ref. [35].

Hereafter, we focus on the spin Nernst effect and we set
O to be 5%, which corresponds to the magnon spin density

=ilH,0r)] =~V -j,+S,, 44)

035113-8



THERMAL HALL RESPONSES IN FRUSTRATED ...

PHYSICAL REVIEW B 106, 035113 (2022)

(@hr=0 (b) h =8J,S
8 8
“ 6 “
T q /\ =6
< \‘g/ <4\ /"
= RNV
0 ¥ O\A/ \
M K' I K M M K' r K M
k
(e) h=0 Q(k) (f) h= 8.]15 Q(k)
3r - - > 2.0 3z v > 2.0
4a 4a ' o
- ° o - B -
' o
ky| @« « -« » 0.0 k' & - 0.0
‘ 0
- ° & - ¥ -
il w| ! ,
4a o - =1 M<20 “4a . . - o -2.0
"V3a ky V3a Ve k, e

FIG. 4. The energy band and the Berry curvature €2, of model Il withJ, = 1.0, J,

() h=12/;§ (d) h =20/,
10
“©1 8
S 6
x4
R 2 )
0 (A~
M K' r K M M K' ]I" K M
(g) h=12J,8 Q(k) (h) h=20J,S Q)
3n ‘ > 2.0 3_n > 2.0
4a } 4a
k,v 3 . 0.0 ky . 0.0
3= z 3=
4a 2”! - Gp 8 2 AR o <20
Ve k, N " Via ky Via

=J; =2.0,A4 =0.05, Ag = 0.1. (a)—(d) is the energy

band (a) at h =0, (b) at h = 8/, (c) at h = 12J,§, and (d) at h = 20/, S. (e)—(h) show the Berry curvature of the lower band (e) at h = 0,
(f) at h = 8J,S, (g) at h = 12/, S, and (h) at h = 20J,S. The Berry curvature €2y, is large where the energy gap is small.

operator given by

Sin Y4 0 0 0
S 0 sin Y 0 0
- 0 0 sin ¥4 0

0 0 0 sin Vg

Using the linear response theory for j, we obtain the expres-
sion for the spin Nernst effect as [35]

Ju=0a,V,T
2k dk?
> / [ IR Wl PNV, @5
where
(2% ()] v
= 2(03 )nll(US )mm
m#n
y 2Im[ (¢, (k)| j, ()t (K)) (1 (B vy, (B2, (K)) ]
[(U3E(k))nn - (G3E(k))mm]2
(46)
and

ci(p) =+ p)In(l+p)—plnp.

While the formula for spin Nernst conductivity does
not contain the Berry curvature, breaking of the symmetry
Eq. (14) is also needed for the nonzero spin Nernst con-
ductivity. Specifically, if A and B sites are equivalent and
the symmetry Eq. (14) is satisfied, we have Pv, (k)P =
PaH(k)P =v (k) and Pj, (k)P = Ju(k) Thus, similarly to

the Berry curvature, 5% must be odd in k, Q%K) =
_QS:(_k)/w,n-

Figure 6(a) shows the color plot of the spin Nernst con-
ductivity for model I (J> # J5), and Fig. 6(c) shows that for

model II (A4 # Ap). These figures show that the sign of the
spin Nernst conductivity is approximately corresponding to
the sign of the thermal Hall conductivity. Figures 6(b) and
6(d) show the spin Nernst conductivity for model I (/> # J3)
and model II (A4 # Ap) at several temperatures, respectively.
In both cases, the spin Nernst conductivity is small when
the magnetic field 4 is small. This is because (S°) is small
for a small magnetic field h. Since the spin Nernst effect
in the present model requires nonzero (S°), small & leads to
small spin Nernst effect through its dependence on (S%). On
the other hand, when the magnetic field A/J;S is large, the
behavior of the spin Nernst conductivity resembles that of the
thermal Hall conductivity. While we can see a drastic change
in the spin Nernst conductivity in the large magnetic field
regime h > 20J,S, the ansatz Eq. (24) is not reasonable as we
have mentioned in Sec. III.

Finally, we show the edge modes of the magnon band. We
impose a periodic boundary condition to the x direction and
an open boundary condition to the y direction. This choice of
the boundary results in the zigzag edge. Figure 7(a) shows the
energy dispersion of the case when the A and B sites are equiv-
alent (J, =J} and A,y = Ap), and Fig. 7(b) shows the case
when the A sites and the B sites are inequivalent (J, # J3).
The band structures show that only when the A and B sites are
inequivalent, the edge modes appearing at the opposite edges
(red and blue lines) are energetically nondegenerate. Thus,
when the A and B sites are inequivalent, two edge states are
inequivalent and allow transverse responses of heat and spins.

V. DISCUSSIONS

We have established the condition of the magnon thermal
Hall effect without DM interaction in terms of the symmetry
of the BdG Hamiltonian. The symmetry argument shows that
the Berry curvature is nonzero when the A and B sites are
inequivalent. Furthermore, the canting angle from xy plane
Y and v can induce the SU(2) gauge field when ¥4 # ¥5.
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We also study the J;-J,-J; model to clarify the relation of the
thermal Hall conductivity and the Chern number.

Here, we consider materials such that the J;-J,-J; model on
the honeycomb lattice is feasible. Since we set the parameter
Jo» > Jy in Sec. III, we can regard the J;-J,-J; model on the
honeycomb lattice as the bilayer triangular lattice. One of the
candidate materials of antiferromagnetic Heisenberg model
on the triangular lattice is Ba; X Sb,09 (X = Mn, Co, and Ni)
[45-51]. The materials Ba3XSb,Og contain a stacked trian-
gular lattice, but these layers are equivalent. Thus, we need
to add inequivalence to each layer, for example, by adding an
electric field in the direction of the ¢ axis. Another candidate
material is TMD. In particular, numerical calculations suggest
that the ground state of VX, and MnX, (X = Cr, Br, and I)
has a 120° antiferromagnetic spin configurations [52]. Thus,
we may create a Ji-J,-J; model by heterostacking VX, and
MnX;.

Let us estimate the thermal Hall conductivity in units of
W/Km, with the estimated interlayer distance d ~ 14 A and
intralayer coupling J,/kg ~ 18 K for Ba3;CoSb,0g [45,46].
By using these parameters and assuming J; ~ J,/2 and the
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FIG. 6. The spin Nernst conductivity. (a), (b) The spin Nernst
conductivity a,, of model I with J; = 1.0,/, =2.0,J; =2.2, Ay =
Ap =0.05, § = % (a) oy, as a function of the magnetic field at
several temperatures and (b) the color plot of «,, for model I
(c), (d) The spin Nernst conductivity a,, of model II with J; = 1.0,
J,=J;=2.0, Ay =0.05, Ay =0.1. (¢) ay, as a function of the
magnetic field at several temperatures and (d) the color plot of a,
for model II. (¢), (d) indicate that the sign of the spin Nernst conduc-
tivity o, approximately corresponds to the sign of the thermal Hall

conductivity.

temperature kgT ~ 2J; ~ J», the unit of the thermal Hall con-
ductivity «,,/(kg/h) approximately corresponds to «,, ~ 0.03
W/Km. Therefore, the order of the thermal Hall conductivity
is 107> W/Km in our models. Experimentally, the thermal
Hall conductivity ¥ ~ 107> W/Km has been observed from
magnons in an insulating ferromagnet with a pyrochlore
lattice structure [9]. Thus, the proposed thermal Hall conduc-
tivity in this paper is feasible for experimental detection.
Finally, we comment on models other than the Ji-J,-J;
model on the honeycomb lattice, where the thermal Hall ef-
fect may occur without DM interaction. One candidate is the
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FIG. 7. The energy dispersion of zigzag edge with J; = 1.0, h =
0. The red and blue line is edge modes. (a) The energy dispersion of
the AB equivalent model, J, = J; = 2.0, Ay = Ag = 0.05. (b) The
energy dispersion and edge modes of model II, J, = 2.0,J; = 2.2,
A4 = Ap = 0.05. Insets of (a) and (b) show the energy dispersion
around the edge. In (b), the edge modes are energetically separable,
while the edge modes are degenerate in (a).

Ji1-J>-J3 model on the square lattice (as illustrated in Fig. 8)
whose classical ground state exhibits a spiral phase [53-58].
The square lattice is a bipartite lattice and we can define A
and B sites. To support nonzero thermal Hall response, the in-
equivalence of two sublattices can be introduced by changing
the magnetic anisotropy or next-nearest-neighbor hopping of

FIG. 8. The J;-J,-J3 model on the square lattice. Solid, dashed,
and dotted lines represent Ji, J,, and J3, respectively. For visibility,
the third-nearest-neighbor hopping J5 is depicted only partially on
the right edge.

A and B sites. This leads to the Hamiltonian written as

H=Y"1S8-S;+ Y IS S;+ > 5SS
(i, J) ((i./))eA («

i,j))eB
+ D BSi-Si+ Y. LSS,
(i, )))eA ({(i,/)eB
O AA(S) + D0 An(S) A ST
icA ieB i

where ) ; ) means that sum over third-nearest neighbor of
the square lattice. In this model, J, # J; or J3 # J; or Ay #
Ap will support the nonzero Berry curvature and thermal Hall
responses.
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APPENDIX: DETAILS OF THE MAGNON HAMILTONIAN
IN THE SPIRAL PHASE

In this Appendix, we show details of the calculation of the
magnon Hamiltonian Eq. (19) in the spiral phase and identify
the symmetry-breaking interactions based on the condition
Eq. (27) leading to the effective PT symmetry.

First, we rewrite the spin Hamiltonian Eq. (19) in the
rotated spin coordinate Eq. (25) as

H= Z‘Ia‘ﬂ [(sin ¥; sin ¥, cos 6;; + cos ; cos ¥r; )S;ST
ij
+ €08 6,;S;"S7 + (cos ; cos ¥ cos 6
+ sin ; sin ¥;)S;°S 7
— sin ¥; sin 6;;8;°S7 + sin ; sin 6,5, S|
+ Y [hsin yuSE + Ag(cos® Yi(S/*) + sin ¥;(S7)?)]

+ (Sf‘S}z and S;}'S;-z terms), (A1)

where o, B = A, B denote the sublattices to which i and j sites
belong, respectively, and 6;; =Q -R; +¢; — Q- R; — ¢;. To
this Hamiltonian Eq. (A1), we apply the HP transformation
Eq. (1) and obtain the magnon Hamiltonian in the form of

H(k)=Ho+ Y H(k,R.r). (A2)
R

Here, Hy consists of the local terms, i.e., the easy-axis
anisotropy and the Zeeman term, while H (k, R, r) represents
the Heisenberg interaction part. The vector R denotes the dis-
tance between centers of unit cells R; — R; and the summation
is taken over all the unit cells (with fixing R; at the origin).
The vector r is a short-hand notation for the distance between
i site and j site, and takes r = R for the diagonal part (e.g., E°
and E%) and r = R + § for the off-diagonal part (e.g., E* and
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EY) of 2 x 2 blocks in the following, where § is defined as a
distance from the A site to the B site in the same unit cell.
Let us write the magnon Hamiltonian H (k, R, r) as

E(k,R,r) Ik, R, r) )

H*(_ks R9r) E*(_k9R7r)

Hk,R,r) = (
Using Pauli matrices, we expand E(k, R, r) and T1(k, R, r) as

E(k,R,r) = E°(k, R, r)oo + E*(k, R, r)o,
+ &'(k,R,r)o, + E°(k, R, r)o,
[1(k,R,r) =T1°k, R, r)oo + IT*(k, R, r)o,

+ Yk, R, r)o, + IT°(k, R, r)o.
From the symmetry analysis, we show that nonzero
E(k,R,r), Ik, R, r), or ImIT'(k, R, r) may lead to the
nonzero Berry curvature [see Eq. (27)]. Here, each coefficient
of the Pauli matrices for E is given as follows:

E%k,R, 1)
= —SJAB(r)[COS (R . Q + ¢)
~+ cos Y4 cos Yp 4 sin Y4 sin Yg]

— ;JAA r)[sin (R - Q) sin 4 sin (k - r)
+ (cos® Y4 cos (R - Q) + sin® r4)

— %(cos R-O)(1 + sin? Y4) + cos® Y4 ) cos (k - )]

— gJBB(r)[sin (R -Q)sinypsin (k -r)
+ (cos® Yz cos (R - Q) + sin® ¥/g)

— %(cos R-O)(1 + sin® Yg) + cos® ¥g) cos (k - r)],
(A3a)

&'k, R.r) = ;JAB(Y)[{COS (R - Q + ¢)(1 + sin Y4 sin Yp)

+ cos ¥4 cos g} cos(k - r)

—sin (R - @ + ¢)(sin Y4 + sin yp) sin(k - r)],
(A3b)

EYk,R,r)=— ;JAB(r)[{cos (R - Q + ¢)(1 4 sin Yy sin Yg)

+ cos Y4 cos Yp}sin (k - r)

+sin(R - Q + ¢)(sin Y4 + sin ¥g) cos(k - r)],
(A3c)

E°k,R,r) = — gJAA(r)[sin (R-Q)sinyssin(k -r)
+ (cos® Y4 cos (R - Q) + sin® Y1)
— %(cos (R - Q)(1 + sin® Ya)
+ cos® Y4) cos (k - r)]
+ S pp(rlsin (R - Q)sin i sin (k 1)

+ (cos®> yrgcos (R - Q) + sin” ¥p)

- %(cos (R - Q)(1 + sin® yg) + cos® ¥g)
x cos (k -r)], (A3d)

where EX(k, R, r) = 0 if Jy4 = Jpp and ¥4 = Yp. Similarly,
the coefficients for IT(k, R, r) are written as

n°k,R,r) = %(cos (R-Q)— 1)cos(k -r)
(Jaa(r) cos” Yia + Jgp(r) cos” ¥p),

Mk, R,r) = ;JAB(")[(COS(R @+ ¢)(sinyysinyp — 1)
+ cos Y4 cos W) cos (k - r)

—isin(R - Q + ¢)(sin ¥4 — sin Yg)

x cos (k- r)],

(A3e)

(A3f)
S
Ik, R, r) = —EJAB(r)[(cos(R -Q + @)(sinyy sinyyg — 1)

+ cos Y4 cos yg)sin(k - r)
—isin(R - Q + ¢)(sin Y4

— sinyg)sin (k - r)], (A3g)
Ik, R, r) = g(cos (R-Q)—1)cos(k-r)
X (Jaa(r) cos” Yy — Jpp(r) cos® yip).  (A3h)

Here we find that ImIT*(k, R, r) and ImIT”(k, R, r) depend on
sin ¥4, — sinyg and sin (R - Q + ¢). Thus, these are nonzero
only if Y4 # ¥ and sin (R - Q + ¢) # 0. The expression for
IT¢ indicates that TT*(k, R, r) vanishes if ¥4 = ¥ and Jy4 =
Jpp is satisfied.

Next, we write Hy(k) as

Eo I
Ho=(ns 2)
g &

and expand Zy and I1j as
2, — =0 o =Y =z
Eo = Eyoo + Eyox + Eyoy + Ejoz,
0 y z
H() = HOO'Q + H)(;O'X + H'()Uy + HOO'Z,

where each coefficient of the Pauli matrices is given as fol-
lows:

]

= 2(Ax(1 = 3sin’ Y) + Ap(1 — 3sin’ )

+ g(sin Ya + sinyrp), (Ada)

1]

on
|

= g(AA(l — 3sin® Y4) — Ap(1 — 3sin? ¥p))

+ ;(sin YA — sin ¥p), (Adb)
I = ;(AA cos® Y, + Apcos ¥g), (Adc)
I = g(AA cos® Yy — Agcos® Yg), (A4d)
g = By =II} = IT), = 0. (Ade)

035113-12



THERMAL HALL RESPONSES IN FRUSTRATED ...

PHYSICAL REVIEW B 106, 035113 (2022)

—z

Here Ef is zero if Y4 = 5. The above terms imply that
if A and B sites are equivalent (i.e., Jaa = Jpp, As = Ap,
and 64 = 0p), E*(k,R,r)=TI*(k,R,r) = ImIl'(k,R,r) =
Ef = II§ = 0. Thus, the Hamiltonian satisfies the symmetry
Eq. (14) leading to the vanishing Berry curvature.

Now, we consider the effective TRS H(k) = H*(—k). In
the above expressions, we can see that terms proportional
to sink -r for the real part and cosk -r for the imagi-
nary part lead to the broken effective TRS. These terms
are proportional to sin (R - Q)siny; [see Egs. (A3a) and
(A3d)], sin (R - Q + ¢)(sin {4 + sin ¥p) [see Eqs. (A3b) and
(A3c)], and sin (R - Q + ¢)(sin 4 — sin Yp) [see Eqs. (A3f)
and (A3g)]. Thus, R-Q=0and R-Q + ¢ =0 for all R or
sin {4 = sin ¢ = 0 support the effective TRS. This condi-
tion is independent from that for the effective PT symmetry
and leads to the vanishing thermal Hall conductivity even
if we have the nonzero Berry curvature. For instance, when
R-Q+ ¢ =0 for all R or siny4 = sinyp = 0, we can still
break the effective PT symmetry with Jqs # Jgg (or Ay #
Ap), via nonzero E*(k, R, r) (nonzero Ef).

The above expressions are applicable to the general BdG
Hamiltonians of AB sublattice systems in the spiral phase.
Once we consider the specific model, we assign a concrete
value to Jyg; For example, in J;-J>-J; model, Jyp with |r| = a
is J; for the nearest-neighbor i, j sites, and Jas (Jpp) with
Irl = v/3ais J, (J3) for the next-nearest-neighbor sites.

Furthermore, we calculate the part of the magnon Hamil-
tonian for the DM interaction of the following form:

Hpm = ZDaﬂ(si X §;)..
iJ
Here, we again consider the spiral phase and rewrite Hpy by
S’, which results in

Hpy = Z Dy cos6;(sin ;S;*S? — sin y;8%S7)
iJj
+ sin 6;;{ sin y; sin VS ST
+ 8787 + cos y; cos l/ij,fzS;?}].

Using the HP transformation and the Fourier transformation,
we obtain the DM interaction of magnons. The DM interac-
tion term is also 4 x 4 BdG matrix of the form

Epm(k, R, 1) [pm(k, R, r) )

Hpm(k,R.r) =
DM( s Ak r) (H]*)M(_k’ R, r) E]*)M(_k7 R’ r)

Then, using Pauli matrices, we expand Epwm(k,R,r) and
Ipm(k, R, r) as
Epm(k, R, r) = EY\,(k, R, r)oy + Efy(k, R, 1o,
+ Epm(k, R, r)oy + ESy(k, R, r)o,
Mpm(k, R, r) =19y, (k, R, r)oy + [Ty, (k, R, 7)o,
+ M (k, R, r)oy + M5y (k, R, r)o,
where each coefficient of the Pauli matrices is as follows:
Elvk, R, 1)
= —SDap(r)sin (R - Q + ¢) cos 4 cos Yp

+ ;DAA (r)[cos (R - Q) sin Y4 sin (k - r)— cos” Y

x sin(R- Q) + %sm (R - Q)(1+sin” yry) cos (k - )]
+ ;DBB(r)[cos (R-Q)sinypsin(k-r) — cos Y

x sin(R - Q) + %sin (R - Q)(1 + sin® y) cos (k - r)],
(ASa)
E’BM(k, R, r)
= SDas(r)sin (R - @+ §)(1 + sin i sin i) coste 1)

+ cos (R - Q + ¢)(sin Y4 + sinyg) sin(k - r)], (ASb)
Epmk. R, 1)

= ;DAB(r)[sin (R-Q + ¢)(1 4+ sin 4 sin yg) sin(k - r)

— cos(R-Q + ¢)(sinys + sin ) cos(k - r)],
Eomk, R, 1)

(A5c)

— gnAA (r)[cos (R - Q) sinYu sin (k - r)
—cos” Y sin (R - Q)
+% sin (R - Q)(1 + sin® ¥4) cos (k - )]
2 Dys@lcos (R - Q)sin iy sin (k 1)
—cos” g sin (R - Q)
+% sin (R - Q)(1 + sin® ) cos (k - r)], (A5d)
Mpwi(k, R, )
- _g sin (R - Q) cos (k - r)

X (Da(r) cos® Y4 + Dpg(r) cos® ¥p),
H’]SM (k,R,r)

(ASe)

S
= EDAB(r)[Sin(R @+ ¢)(sinyysinyg — 1)
x cos(k-r)+icos(R-Q+ ¢)

X (sin Yp— sin 4 ) cos (k - r)],
5 (k. R, r)

(ASf)

S
= EDAB(r)[Sin(R -0+ ¢)(sin s sinfp — 1)
x sin(k-r)+icos(R-Q+ ¢)

X (sin y¥g— sin ¥4) sin (k - r)],
ik, R, r)

(A5g)

=—§sin(R-Q)COS(k-r)

X (Daa(r) cos® Y4 — Dpp(r) cos® yrp). (A5h)
Here Bf\(k,R,r) and I}, are nonzero if ¥4 # ¥ or
Daa # Dgp, while ImIT},,(k, R, r) and ImIT},(k, R, r) are
nonzero only if ¥4 # ¥5. We note that ImIl},,(k, R, r)
and ImIT},,(k, R, r) are nonzero even if sin(R-Q + ¢) is
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zero, in contrast to the Heisenberg term [ImIT*(k, R, r) and
ImIT’(k, R, 1)].

From these terms, we can see that Dsyq # Dpp break the
symmetry Eq. (14). Furthermore, IT,,(k, R, r) contains the

sin (k - r) terms, which can be nonzero even in the collinear
phase where ¥4, = £¥p = /2 and Q = 0. In these cases, the
DM interaction acts as the virtual magnetic field and generate
nonzero Berry curvature (see Sec. IIE).
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